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Nuclear and cytoplasmic processes are separated from each other by the nuclear envelope (NE), a double membrane perforated by nuclear pore complexes (NPCs). Extensive reorganization of the NE accompanies many forms of cell division and is required for spindle assembly. To establish the mitotic spindle, microtubules (MTs) need to gain access to chromatin. In ''open'' mitosis, as employed by most metazoan cells, the spindle is built in the cytoplasm, and chromatin is exposed to cytoplasmic MTs by NE breakdown (NEBD). In extreme forms of open mitosis, e.g., in vertebrate cells, the nuclear compartment is completely taken apart, including the disintegration of NPCs and the dispersal of NE membranes into the ER.
Consequently, to re-establish nucleocytoplasmic compartmentalization, the NE needs to be reassembled around the segregated mass of chromatin in the future daughter cells. This relies on the general spatiotemporal orchestration of mitotic exit and requires coordination of chromosome decondensation, membrane recruitment to chromatin, and NPC assembly. Here, we discuss models of mitotic NE/ER remodeling and nuclear assembly focusing on vertebrate systems and highlight the crucial role for phosphatases as spatial and temporal regulators of nuclear reformation.
NE Reformation
Temporal control of nuclear reassembly is exerted by the machinery governing mitotic exit and relies on the inactivation of mitotic kinases like CDK1, as well as on the action of protein phosphatases. These phosphatases revert phosphorylation events that have driven NEBD during mitotic entry. The catalytic phosphatase subunits are constitutively active but restricted in their intracellular localization, substrate specificity, and overall activity through association with a large range of regulatory subunits. These regulatory subunits thus contribute both to temporal and spatial control. Another aspect of spatial control is conferred by RanGTP generation around chromatin through the action of the chromatin-bound RanGEF. Certain nucleoporins and membrane proteins are kept in a reassembly-incompetent state in the mitotic cytosol by association with RanGTP-binding import receptors. In the vicinity of chromatin, RanGTP triggers their release from inhibitory importins and helps to spatially confine formation of NPCs and the NE to the surface of chromatin (reviewed in Gü ttinger et al., 2009). Nuclear Membrane Formation-from ER Sheets or Tubules? Early experiments using Xenopus egg extracts had suggested that membranes utilized for postmitotic NE reformation originate from vesicles. In vitro, these vesicles bind to chromatin, then flatten and fuse, thereby forming the NE. However, it became evident later that these vesicles represent a peculiarity of the in vitro system as they arise by fragmentation of the fragile ER network during fractionation of Xenopus eggs. It is now commonly accepted that NE reformation in vivo involves membranes derived from the mitotic ER, which start to be recruited back to chromatin in late anaphase.
The rapid reattachment of ER membranes to chromatin is protein mediated and redundantly facilitated by several inner nuclear membrane (INM) proteins (Anderson et al., 2009 ). The best-studied examples are the lamin B receptor (LBR), which is recruited to chromatin by interaction with core histones H3/H4 and heterochromatin-binding protein 1 (HP1), as well as the LEM domain proteins Lap2b, Emerin, and MAN1, which bind the chromatin-associated barrier-to-autointegration factor (BAF) in a cell-cycle-regulated manner. A number of membrane proteins, including LBR and the nucleoporins POM121 and NDC1, may also directly bind to DNA as it is becoming more exposed during chromatin decondensation (reviewed in Gü ttinger et al., 2009) . The redundant involvement of many membrane proteins that reassociate with chromatin/DNA during NE formation ensures fast and robust nuclear reassembly.
Although the role of INM proteins in NE reformation is undisputed, controversy exists on whether ER membranes approach chromatin as tubules or sheet-like structures ( Figure 1A ). This dispute is more than a scholarly quarrel on different experimental observations because the mode of NE reformation may impact on the mechanism of postmitotic NPC assembly (see below).
Confocal microscopy and electron tomographic analysis of chemically fixed samples had first indicated that the mitotic ER is entirely tubular (Puhka et al., 2007) . In agreement with this description, Hetzer and coworkers observed tips of ER tubules in the vicinity of chromatin during late anaphase, suggesting that ER tubules might serve as source of NE membranes. Enforcing this idea, a preformed, largely tubular ER network could efficiently support NE assembly in vitro (Anderson and Hetzer, 2007) . To form the sheet-like structure of the NE, chromatinbound tubules must at some point flatten, expand, and seal on the chromatin surface, involving chromatin/DNA interactions of membrane proteins. Accordingly, overexpression of ER tubule-forming proteins such as reticulons and DP1 delayed NE formation and nuclear expansion in mammalian cells, whereas their depletion accelerated the formation of a closed NE (Anderson and Hetzer, 2008) . These experiments were taken as indication that remodeling of the ER from tubules to sheets could present a rate-limiting step in nuclear assembly.
Yet, the same results would be expected if a sheet-like morphology were required for NE reformation in the first place. Recent studies have indeed questioned the existence of a primarily tubular mitotic ER network. Using spinning-disk confocal microscopy and EM tomography after high-pressure freezing, Kirchhausen and coworkers demonstrated in various cell types that the mitotic ER is almost entirely composed of extended sheets, or ''cisternae,'' which are continuous with the nascent NE in the chromatin periphery (Lu et al., 2009 (Lu et al., , 2011 . Subsequent re-evaluation of EM fixation methods and analyses of additional cell lines by Puhka et al. (2012) revealed cell-type-specific variations of mitotic ER structure, softening some of the controversy. Taking these results together, cisternal organization of the mitotic ER predominates in the majority of studied cells, with some cell types displaying a transition to fenestrated ER sheets and more tubular networks in mitosis.
But how does the ER approach anaphase chromatin-in the form of sheets or tubules? Lu et al. (2011) indeed observed sheet-like structures on the surface of chromatin during NE reformation and suggest that ER cisternae attach to chromatin for reassembly of the NE. In contrast, chromatin-proximal ER tubules seemed incompetent in generating NE membranes. Still, the binding of an ER sheet to anaphase chromatin has not yet been visualized at sufficient temporal and spatial resolution to exclude a tubule-to-sheet transition, and additional evidence will be required to strengthen the ''sheet'' hypothesis. NPC Assembly-Insertion or Enclosure? Concomitantly with the attachment of membranes to chromatin, NPCs assemble into the growing NE. The recruitment of nucleoporins to chromatin is spatially controlled by RanGTP-dependent release of inhibitory importins in the vicinity of chromatin and timely dephosphorylation of nucleoporins by uncharacterized protein phosphatases.
Postmitotic NPC formation is a stepwise process that has been visualized by live-cell imaging and recapitulated in vitro using Xenopus egg extracts and sperm chromatin. An initial event is the binding of the large Nup107-160 NPC scaffolding complex to chromatin, mediated by the nucleoporin ELYS, which directly interacts with AT-rich DNA sequences (reviewed in Gü ttinger et al., 2009). Immunodepletion of Nup107-160 complexes from in vitro nuclear assembly reactions resulted in nuclei with pore-free, closed NEs (Harel et al., 2003; Walther et al., 2003) , highlighting the central role of this subcomplex in coordinating NPC assembly with NE reformation.
Originally, it had been suggested that the Nup107-160 complex is seeded onto chromatin in the form of ''pre-NPCs'' (Walther et al., 2003) . However, careful EM analysis of early NPC assembly intermediates in the absence of membranes failed to visualize ring-like ''pre-pores'' but detected smaller Nup107-containing seeds (Rotem et al., 2009) , likely made up from single subcomplexes. Ring-shaped NPC structures were only formed when membranes were present, indicating a requirement for membrane components to induce subsequent steps in NPC assembly. These include recruitment of the membrane nucleoporins POM121 and NDC1, which facilitate integration of the central Nup53-93 scaffolding complex. At the same time, Nup98, essential for the transport and barrier properties of NPCs, associates, followed by other FG domain Nups rendering the NPC competent for various transport pathways (reviewed in Gü ttinger et al., 2009).
Although an approximate order of nucleoporin recruitment has been established, the mechanism of postmitotic NPC assembly is a matter of debate. Two opposing models have been proposed-''enclosure'' and ''insertion'' ( Figure 1B) . The insertion model suggests that NPCs are introduced into chromatinassociated NE sheets, necessitating a membrane fusion event between INM and ONM for pore formation (Macaulay and Forbes, 1996) . Such NPC insertion mechanism is employed during interphase, when a continuous NE surrounds chromatin; yet the molecular mechanism of INM-ONM fusion is enigmatic. For NPC assembly by insertion, it should not matter whether membranes initially contact chromatin as sheets or tubules, as long as a flattened double membrane is finally available. The enclosure model, in contrast, proposes that chromatin-associated, preassembled NPCs are engulfed by membranes, rendering membrane fusion between INM and ONM unnecessary for postmitotic NPC assembly (Anderson and Hetzer, 2007) . Recruitment of large membrane sheets to chromatin could hinder NPC formation by enclosure on the surface of affected chromatin areas.
Forbes and coworkers have recently followed postmitotic nuclear assembly in vitro at low temperatures, which decelerates the reaction and allows for dissecting assembly steps (Fichtman et al., 2010) . Under these conditions, chromatin-associated NPC assembly intermediates containing the Nup107-160 complex and POM121 were detected in a fully closed NE. Completion of NPC assembly indeed occurred upon longer incubation, indicating the requirement of INM-ONM fusion. Thus, in principle, postmitotic assembly can occur by insertion, but it remains to be shown that this is relevant at normal assembly kinetics.
Postmitotic and interphase NPC biogenesis differ in several respects. After mitosis, there is a burst in NPC assembly (2,000 NPCs assemble from pre-existing building blocks within 10 min in cultured somatic cells). Compared to this fast, parallel formation of NPCs, interphase assembly is the culmination of many occasional events that double NPC number until the next mitosis. In interphase, newly synthesized nucleoporin (subcomplexes) must be generated and integrated into a continuous NE. Notably, kinetic measurements have revealed that single NPC assembly events are considerably slower in interphase than after mitosis (Dultz and Ellenberg, 2010) . Whether this reflects mechanistic differences between the pathways, i.e., insertion versus enclosure, or simply the fact that de novo synthesis of nucleoporins is rate limiting for interphase NPC assembly is unclear.
Additional dissimilarities have been observed between postmitotic and interphase NPC biogenesis and have been interpreted as evidence for distinct mechanisms underlying both modes of NPC assembly, although none of these studies has directly addressed insertion or enclosure. First, ELYS is necessary for NPC assembly at the end of mitosis but appears dispensable during interphase assembly (Doucet et al., 2010) . Second, there are differences in the order of nucleoporin recruitment, i.e., POM121 precedes the integration of Nup107-160 complexes into the NE during interphase, but not after mitosis (Doucet et al., 2010; Dultz and Ellenberg, 2010 ). Yet, both differences could simply reflect the need for seeding Nup107-160-containing NPC assembly sites on chromatin after open mitosis. Third, proteins or domains involved in sensing or generating membrane curvature are specifically required for interphase NPC formation, potentially indicating a different pore formation mechanism. These include the reticulons (Anderson and Hetzer, 2008) , the ALPS motif of Nup133 (Doucet et al., 2010) , and a C-terminal membrane-bending domain in Nup53 (Vollmer et al., 2012) . It is, however, conceivable that these membrane curvature modules are critical for interphase assembly only because of its slower kinetics and the requirement to stabilize pore assembly intermediates over longer times. Fourth, RNA interference (RNAi) experiments indicated that POM121 and the LINC complex component SUN1 might only be important for interphase and not for postmitotic NPC assembly, perhaps via a direct role in NPC insertion (Doucet et al., 2010; Talamas and Hetzer, 2011) . It should be noted, however, that the interpretation of the POM121 RNAi data is controversial, and a postmitotic role for POM121 is supported by depletion (Antonin et al., 2005) and dominant-negative experiments in vitro (Shaulov et al., 2011) .
Taken together, progress in the last years has revealed differences between postmitotic and interphase NPC assembly. Still, the call is out whether these indeed reflect distinct mechanisms of pore generation-i.e., enclosure versus insertion. All so-fardescribed dissimilarities could also arise from differences in chromatin accessibility, NPC assembly kinetics, and availability of components (reservoir versus de novo synthesis). It will be possible to directly distinguish between the enclosure and insertion models for postmitotic assembly once the mechanism of ONM-INM fusion has been delineated.
Phosphatases in Charge of Spatial and Temporal Control
Protein phosphatases directly contribute to NE reformation by reverting phosphorylation of chromatin and NE components, thereby making both sides competent for reassociation ( Figure 1C ). An important player is protein phosphatase 1g (PP1g). During early anaphase, PP1g is targeted to chromatin by its regulatory subunit Repo-Man, causing dephosphorylation of histone H3 at several sites (Vagnarelli et al., 2011) . Likely by dephosphorylating H3 at Ser10, Repo-Man/PP1g controls the association of HP1 with chromatin, contributing to heterochromatin formation during mitotic exit (Vagnarelli et al., 2011) . Interestingly, HP1 has been suggested to promote NE reformation by assisting the recruitment of membranes to chromatin through interaction with the INM protein LBR (Ye et al., 1997) . Repo-Man also harbors another function in nuclear assembly that is independent of PP1 activity, which is to support the recruitment of importin b and Nup153 to the periphery of anaphase chromosomes. Based on these findings, it has been speculated that importin b marks sites on chromatin for NPC assembly (Vagnarelli et al., 2011) .
Like PP1, the phosphatase PP2A is required for timely dephosphorylation of CDK1 substrates and also functions as a key factor in postmitotic nuclear reassembly. One critical target of PP2A is BAF. During interphase, BAF provides the chromatin-binding site for LEM domain proteins of the INM. At the onset of mitosis, BAF is phosphorylated by VRK-1, which is proposed to contribute to NEBD both by releasing BAF from chromatin and weakening the interaction with LEM domain proteins (Gorjá ná cz et al., 2007) . Conversely, recruitment of LEM domain proteins from the ER into the reforming NE requires dephosphorylation of BAF and its reassociation with chromatin. Strikingly, one LEM family member, Lem4/ANKLE2 in human cells and LEM-4L in C. elegans, serves as a membrane-bound platform that coordinates the dephosphorylation of BAF by simultaneously inhibiting the BAF kinase VRK-1 and recruiting PP2A. In this scenario, Lem4 potentially functions as a regulatory PP2A subunit (Asencio et al., 2012) . The interactions between Lem4, VRK-1, and PP2A must differ between mitotic entry and exit, suggesting that additional control mechanisms exist upstream of the VRK1-BAF-PP2A-Lem4 axis. It will be interesting to see whether the integrative role of the NE protein Lem4 in regulating kinase and phosphatase activity on a common substrate will emerge as paradigm for spatial coordination during mitotic exit.
Outlook
Key mechanisms underlying the dynamic changes of the cell nucleus during mitosis have been revealed, yet many exciting questions remain. Nuclear membranes are retracted into the mitotic ER, from where they re-emerge in anaphase, but is the mitotic ER more than an inert spindle shell? Further, it is still controversial whether NPCs are inserted into or rather enclosed by the reforming NE. Similarly, it is debated whether the ER approaches chromatin as tubules or sheets. As the development of membrane probes for time-resolved superresolution microscopy progresses rapidly, these open questions should soon be resolvable. Finally, protein phosphatases coordinate nuclear reassembly in a spatiotemporal manner, but only few phosphatase-substrate relationships causal for specific steps of nuclear reassembly have been established. Clearly, much remains to be learned in this interesting area, especially with respect to how changes in chromatin translate into competence for nuclear reformation.
